The P21-activated kinase PAK3 is critical for cognitive development and truncating mutations cause non-syndromic mental retardation (MR). Missense mutations are also associated with psychotic disorders, most commonly with schizophrenia involving premorbid MR, namely "pfropfschizophrenie". We set out to measure the frequency of sequence variants in PAK3 in schizophrenia without premorbid MR. We conducted complete gene reseqeuncing of all coding exons and exon-intron boundaries in patients with schizophrenia with cognitive impairment but without premorbid MR. Deleterious variants in schizophrenia alone were rare (b 1/159 or 0.6%). Thereby, while PAK3 remains a strong biological candidate in psychosis, evidence from human genetics provides strongest support for a link to pfropfschizophrenie and not to schizophrenia without premorbid intellectual disability.
Introduction
Abnormalities in GABAergic interneurons and loss of dendritic spines (Kolluri et al., 2005; Rosoklija et al., 2000) are consistent cellular abnormalities in schizophrenia. The p21 (CDKN1A)-activated kinase PAK3 is involved in both interneuron development (Cobos et al., 2007) as well as actin remodeling in dendrites (Hayashi et al., 2004; Kreis et al., 2007) . In addition to being a plausible biological candidate in schizophrenia susceptibility, there are strong human genetic data that support a role for the X-linked PAK3 gene in psychotic disorders. In particular, multiple families with PAK3 mutations have members with psychosis and premorbid mild mental retardation (Gedeon et al., 2003; Peippo et al., 2007; Rejeb et al., in press), known as "pfropfschizophrenie" (defined in Doody et al., 1998) . Indeed, we contend that while DISC1 has received a great deal of attention based largely on the discovery of a highly penetrant translocation in a single extended pedigree (St Clair et al., 1990) , highly penetrant mutations in PAK3 in psychosis have been largely overlooked. PAK3 is critical for cognitive development and truncating mutations cause moderate, nonsyndromic mental retardation (MR) (Allen et al., 1998) ; however, missense mutations are associated with neurobehavioral disorders (and milder MR) in all pedigrees described (Donnelly et al., 1996; Gedeon et al., 2003; Peippo et al., 2007; Rejeb et al., in press ). Three of four such families have associated psychotic illness (Gedeon et al., 2003; Peippo et al., 2007; Rejeb et al., in press) . Indeed, in an extended pedigree with an A365E mutation, mental retardation was generally mild and at least two members had psychotic illness, one with chronic paranoid schizophrenia and an IQ of 80 (Gedeon et al., 2003) .
In this experiment, we set out to measure the frequency of sequence variants in PAK3 in patients ascertained for schizophrenia without premorbid intellectual disability. We specifically chose a schizophrenia patient population with profound cognitive impairment with the notion that this population may be relatively enriched for PAK3 mutations. 
Patient ascertainment
Study procedures were approved by the Partners HealthCare and Massachusetts Department of Mental Health institutional review boards. After providing written informed consent, 159 outpatients with schizophrenia (43 females and 116 males) who receive treatment at an urban community mental health center in Boston were enrolled consecutively. The diagnosis of schizophrenia was confirmed by a research psychiatrist using DSM-IV criteria. Inclusion criteria included DSM-IV diagnosis of schizophrenia, age 18-70, ability to complete symptom rating scales and cognitive tests. Exclusion criteria included psychosis secondary to a substance use disorder or a general medical condition. Of enrolled subjects, 120 were Caucasian (75%), 37 were of African descent (23%), one was of East/Southeast Asian descent (1%), and one was of Latino descent (1%). All patients were medicated and stable in terms of psychotic symptoms.
Cognitive assessment
The Wechsler Adult Intelligence Scale (WAIS-III) was also administered to assess global cognitive status. Subnormal IQ was generally construed to be due to cognitive abnormalities of schizophrenia; however, psychotic symptoms and medication effects cannot be excluded as contributory factors.
Sequence analysis
All coding exons and exon-intron boundaries in PAK3 were sequenced. Each amplicon was amplified by PCR and sequenced using capillary methods. Sequence reads were made first manually and secondarily by the SNP-Detector software package.
Results
In female subjects, IQ ranged from 66 to 137 with six females under IQ of 70 and an overall mean female IQ of 86.3 +/− 16.7. In male subjects, IQ ranged from 59 to 130 with eight males under IQ of 70 and mean male IQ of 89.1 +/− 14.0. While no patients were known to have premorbid MR, cognitive status was significantly impaired and frequently in the mild to borderline MR range. Coding sequence across PAK3 is known to be highly invariant (http://www.ncbi.nlm.nih.gov/projects/SNP/). There are a total of 242 known SNPs across the 124,561 bp genomic interval and all but 1 outside the 1635 open reading frame. One coding non-synonymous SNP (rs1805077) has been reported (but not validated), A489C, which putatively changes Arginine 31 to Serine. On re-sequencing in the schizophrenia patient sample, three total SNPs were discovered. We did not find rs1805077. Two of the SNPs had been previously discovered and were in intronic regions, namely rs16986385 and rs10521535 (Table 1 ). The single novel SNP discovered in the patient sample occurred in exon 12, substituting C at mRNA position 1786 for a T, and resulting in a synonymous SNP at Leucine 395. This novel SNP was found in a Caucasian female patient with normal IQ who was heterozygous for this sequence change.
Discussion
While four mutations in PAK3 have been reported to cause MR and also to have neurobehavioral disorders in affected members of the pedigree (Donnelly et al., 1996; Gedeon et al., 2003; Peippo et al., 2007; Rejeb et al., in press ), including three with psychotic illness (Gedeon et al., 2003; Peippo et al., 2007; Rejeb et al., in press ), the frequency of potentially causative rare sequence variants in PAK3 is less than one in 159 cases of schizophrenia alone (less than 0.6%). Variants do not appear to be enriched by selecting for patients with impaired cognitive function. Kraeplin named a schizophrenia subtype in 1907 "pfropfschizophrenie" for schizophrenia engrafted on top of intellectual disability (Doody et al., 1998) . Each pedigree thus far reported with PAK3 mutations has been ascertained for mild to moderate mental retardation as a primary diagnosis. The risk of psychotic illness is elevated in the presence of premorbid intellectual disability (Zammit et al., 2004) but generally quoted as less than 8% (Reid, 1980) . As with mental retardation, in schizophrenia, cognitive impairment is a core feature and neurodevelopment abnormalities are prevalent. PAK3 mutations may represent a genetic susceptibility for pfropfschizophrenie and an important shared biological component between MR and schizophrenia, although our data here indicate that sequence mutations or variants are rare in schizophrenia without premorbid MR. Additional experiments are now needed to define the frequency of PAK3 sequence variants in schizophrenia with premorbid intellectual disability.
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